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Abstract 
This thesis research explored the transcriptional response of Trametes versicolor, a white­
rot fungus, in response to fundamentally different types of lignocellulosic biomass 
(miscanthus and maple) and rich medium (malt extract agar). After five weeks of growth 
by the fungus on the biomass, the fungal RNA was extracted from three biological 
replicates per biomass type and mRNA was sequenced (approximately 30 million reads 
per sample). The reads were processed using ArrayStar to covert to RPKM and annotated 
using JGI's T versicolor GO annotation file along with NCBl's BLAST. Comparisons 
were made between average gene expression of the fungus grown on maple, miscanthus, 
and the malt extract plate. A cut-off of20X or greater expression was used for comparing 
fungi grown on either miscanthus or maple to the plate, with 45 and 61 transcripts 
meeting this threshold, respectively. The majority of the genes were known to be 
involved with biomass deconstruction by fungi (e.g. peroxidases, glycosyl hydrolases) 
with some unexpected genes appearing (e.g. MAPKKK). When comparing miscanthus 
with maple, a cut-off of 3X or greater expression was used giving 55 transcripts that were 
higher in maple and 46 transcripts that were higher in miscanthus. As with the previous 
comparisons with the rich media, most of the differentially expressed genes belonged to 
expected categories of enzymes involved in lignocellulose breakdown; however, it is 
notable that the majority of transcripts more highly expressed in miscanthus when 
compared to maple (at a 3X threshold) had unknown functions. Overall, this research 
provided insight into the biochemical mechanisms used by T versicolor to deconstruct 
lignocellulosic biomass, and identified a plethora of uncharacterized genes encoding 
enzymes that may be critically important in lignocellulosic degradation. 
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1. Introduction 
Before the industrial revolution, it was thought that energy output was directly 
proportional to land supply, and the total energy consumption of almost all nations was 
mainly mechanical energy provided by people as well as farm animals (Akella et al., 
2010; Lund, 2017). The little portion left was supplied by firewood. Since the beginning 
of the eighteenth century, over 50% of all energy consumed was coal, and by the mid­
nineteenth century, it supplied over 89% of the total energy consumed in the world 
(Faruqui, Sergici, & Sharif, 2010). Coal use became less dominant in the twentieth 
century with the widespread adoption of electricity and the use of oil as an alternative 
source of energy. Regardless of the form, the industrialized world continues to rely 
heavily on fossil fuels today, which are finite resources with well-known environmental 
consequences. This has accelerated the quest to discover alternative energy sources that 
are environmentally friendly and sustainable. 
A variety of methods for obtaining alternative energy have been developed to 
decrease our dependency on fossil fuels and reduce carbon dioxide emissions. Some 
alternative sources include wind, water, solar, waste, and biomass (Painuly, 2011). While 
these alternative sources will likely have a role in future energy production, this thesis 
will focus on terrestrial plant biomass. This source of energy is not only sustainable but 
can be used to generate a variety of energy forms, such as electricity and liquid fuels 
(U.S. E.l.A., 2010). Liquid fuel potential can be realized through the conversion of 
lignocellulose to monosaccharides, which can then be converted to ethanol or similar 
compounds via microbes (Haralambopoulos and Polatidis, 2013). However, the 
conversion of biomass to simple sugars and other valuable components is notoriously 
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difficult due to the recalcitrance of lignocellulose, which requires energy and high 
chemical loadings to deconstruct. As a result, biochemical research and technological 
breakthroughs are required to bring down these costs and realize the potential of plant 
biomass as an alternative energy source. 
In the past, much of the research and technology in this field has involved 
pretreatment of biomass, which can be classified into three categories: physical, 
chemical, and physicochemical. Physical pretreatment involves the breaking down of the 
biomass into smaller sizes using various methods, such as grinding and milling (Lund, 
2005). Chemical pretreatment can be further categorized into alkaline, wet oxidation, acid 
and the use of green solvents (Mosier et al., 2005; Kumar et al., 2010). These chemicals 
are used to stimulate the hydrolysis process. Physicochemical pretreatments use both 
chemical and physical pretreatment, and include, steam explosion, liquid hot water, 
supercritical fluid pretreatment with other methods (Hendriks and Zeeman, 2009; Kumar 
et al., 2010). However, these methods are energy intensive and/or require the handling 
and disposal of hazardous chemicals. 
Recently, biological pretreatment strategies have received more attention in the 
research community because they take advantage of innate biological processes that 
require less energy investment while minimizing chemical waste (Canam et al., 2013a). 
Among the leading biological pretreatment agents available are white-rot fungi, which 
make up a basidiomycete group that degrades cellulose, hemicelluloses, and lignin at 
relatively equal rates (Canam et al., 2013b). Due to white-rot fungi's ability to 
deconstruct lignin and cellulose they have been exploited for several years by pulp and 
paper technology industries with the objective of removing lignin associated with paper 
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products (Addleman and Archibald, 1993; Dumonceaux et al., 2001; Paice et al., 1993). 
However, current research on WRF are focused on biomass-to-bioenergy strategies, such 
as bioethanol production. Because enzyme mixtures for biochemical management are 
expensive, directly using white-rot fungi on the biomass (i.e. solid-state fermentation) 
remains a potential cost-effective and efficient strategy. 
Among the white-rot fungi, the literature is dominated by studies involving 
members of the Polyporales order, such as Phanerochaete chrysosporium, 
Phanerochaete carnosa, and Trametes versicolor (MacDonald et al., 2011; Canam et al., 
2011; Wymelenberg et al., 2009; Kalinoski et al., 2017). These organisms have all shown 
great promise as pretreatment agents, with a number of omics-level studies in the 
Phanerochaete genus in particular (MacDonald and Master, 2012; Sato et al., 2009; 
Wymelenberg et al., 20 I 0). These studies have formed the basis of our limited 
biochemical understanding of how these fungi utilize recalcitrant biomass sources. By 
comparison, much of the research on Trametes versicolor has focused on its direct use in 
biomass pretreatment. For example, it was demonstrated to be an effective pretreatment 
agent for waste canola straw, with improvements to lignocellulose deconstruction and 
glucose yield observed (Canam et al., 201 1). A recent study demonstrated similar results 
with hardwood and miscanthus as feedstocks with the added benefit of improved 
densification and pelleting properties (Kalinoski et al., 2017). Despite these promising 
results with Trametes versicolor grown directly on biomass and its great potential for use 
in an industrial setting, little is known about the molecular and biochemical system of 
biomass deconstruction used by this fungus. 
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2. Research Scope 
The overall objective of this research was to explore the transcriptional response of 
Trametes versicolor to standard culture media, maple wood, and miscanthus straw. The 
media serves as a control condition that does not contain lignocellulose or other large 
polymers, while the maple is a representative hardwood that represents a natural substrate 
for the fungus. Miscanthus is a perennial grass that bioenergy specialists consider as an 
ideal crop to produce bioenergy economically in the Midwestern United States (Khanna 
et al., 2008; Somerville et al., 2010). To our knowledge, this represents the first 
molecular study of Trametes versicolor in response to this important energy grass. 
Examining the transcriptional response of Trame/es versicolor to these feedstocks will 
(1) provide a better understanding of those genes/enzymes used by this fungus to 
deconstruct biomass in general, and (2) shed light on whether the fungus differential y 
expresses genes in a feedstock-dependent manner. 
3. Methods 
3.1 Biomass Sources 
The maple chips (Acer spp.) used in this experiment were acquired from J.C. 's Smoking 
Wood Products, while the miscanthus was acquired as chopped straw from a local farmer 
(Pesotum, IL). Both types of biomass were surface sterilized for 15 minutes in an 
autoclave before inoculation. 
3.2 Fungal Growth and Biomass Inoculation 
Trametes versicolor (American Type Culture Collection #20869) was grown and 
prepared in a fashion similar that described previously for Phanerochaete chrysosporium 
(Alaradi, 2017). Briefly, the fungus was grown on a total of a J 20 Petri plates containing 
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malt extract agar until the media was covered with a layer of mycelia. The fungal 
biomass was then removed from the plates and blended in 500 mL of malt extract broth 
using a handheld mixer (Hamilton Beach HB08) using five sequential 5-second pulses. 
This mixture was then added to 2.5 L of malt extract broth in a 5 L plastic bucket. The 
broth containing the macerated mycelia was incubated at 100 rpm at room temperature 
for four days. The fungal biomass was then filtered from the broth using a 0.45 µm mesh 
screen and rinsed with I L of autoclaved water. The rinsed fungal biomass was then 
resuspended in 1 L of autoclaved water. This mixture was added (100 mL each) to 
disposable sterilized containers with 200 g of maple chips or 40 g of Miscanthus straw 
(four containers per biomass type). The containers were given 1.3 cm holes on opposite 
sides that were sealed with micropore tape to allow air exchange. After mixing by 
shaking, the containers were stored at  room temperature in the dark for five weeks. 
3.3 RNA Extraction (Maple and Miscanthus) 
Total RNA was extracted from the maple and miscanthus samples using a robust method 
developed for woody samples (Kolosova et al., 2004) with modification. For example, 
about 10 mL of the fungal-treated biomass was ground using a Sample Prep 6870 (SPEX) 
instrument (Figure I). The RNA extraction details can be found in the Appendix section. 
3.4 RNA Extraction (Plate Culture) 
RNA was extracted from Trametes that had been removed from the malt extract agar by 
scraping using a scoopula and added to a pre-chilled tube containing Lysing Matrix E 
(MP Biomedicals ). After adding I mL of TRizol solution (lnvitrogen), the tubes were 
agitated using a Mini-Beadbeater-24 (Bio Spec Products) for 45 seconds. The remaining 
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steps of RNA isolation followed the manufacturer's instructions. The resulting RNA 
pellet was resuspended with 50 µL of DEPC-treated water. 
3.5 RNA Analysis 
All RNA was quantified using a NanoDrop Lite (Thermo Scientific) and diluted to 100 
ng/µL using DEPC-treated water. These samples were then further analyzed for purity 
using a Standard Sensitivity RNA chip (Bio-Rad) and an Experion Automated 
Electrophoresis Station (Bio-Rad). 
3.6 Sequencing Procedure 
A total of 1 µg of RNA from each sample was used to create RNA-seq libraries prepared 
using the TruSeq Stranded mRNAseq Sample Prep Kit (Illumina) at the W.M. Keck 
Center for Comparative and Functional Genomics (Roy J. Carver Biotechnology Center 
at the University of Illinois at Urbana-Champaign). The samples were multiplexed within 
a single lane of a HiSeq 4000 system (Illumina) that generated sequence lengths of 150 
nucleotides. 
3. 7 Data Analysis 
The sequence files (fastq) from the HiSeq 4000 system were processed as using the 
ArrayStar program of DNASTAR Lasergene vl4 (Burland, 2000). Transcripts were 
identified using the T. versicolor transcript annotation file (Trametes versicolor v l  .0: 
Project: 402893, Trave I_ GeneCatalog_ transcripts_ 20101111.nt.fasta.gz) available from 
the Joint Genome Institute (JGI; Floudas et al., 2012). Abundances were reported as reads 
per kilo base of transcript per million mapped reads (RPKM) values. The data were 
automatically annotated using the functional annotation file for GO (Gene Ontology) 
provided by JGI (Travel _GeneCatalog_proteins_20101 l l l_GO.tab.gz), and further 
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processed using Microsoft Excel. Additional manual annotations were conducted using 
NCBI's nBLAST and pBLAST. The Excel add-on software program XLSTAT was used 
to create heatrnaps with hierarchical clustering analysis. 
4. Results and Discussion 
4.1 RNA Extraction and Sequencing 
RNA was extracted from three replicates of T. versicolor grown on miscanthus and maple 
using a custom lithium chloride-based extraction procedure designed for woody species 
(Kolosova et al., 2004). RNA from three replicates of T. versicolor grown on rich media 
(i.e. control samples on malt extract agar) were extracted using the TRizol method (see 
Methods se·ction for more details) because the robust extraction technique used for 
miscanthus and maple resulted in poor quality RNA from this material. Previous RNA 
extractions with maple and miscanthus without fungal growth resulted in undetectable 
RNA concentrations, so these types of samples were not included in RNA sequencing 
analysis. It is not surprising that these biomass types by themselves provided no RNA 
because the maple and miscanthus had been harvested and dried for many months prior to 
this experiment. 
The nine fungal RNA samples (three from maple, three from miscanthus, and three 
from malt agar plates) were assessed for quality and concentration using an Experion 
Automated Electrophoresis System. The combined digital gel image of these nine RNA 
samples is shown in Figure 2, where two dark bands representing 28S/26S and 18S rRNA 
were clearly observed. The overall pattern of RNA banding in the gel image is similar to 
a previous experiment, where malt agar plate samples had increased banding at low 
molecular weights (Alaradi, 2017), which could represent the simple sugars or other 
macromolecules from media. The RQI (quality) scores as calculated using the Experion 
7 
software, ranged from 7.4-9.6, which were considered high quality that were suitable for 
sequence analysis. RNA extracted from the fungus grown on miscanthus had the highest 
score of9.6, while the lowest score of 7.4 belonged to T versicolor grown on malt agar 
plates. All nine RNA samples were used to create RNA-Seq libraries at the Roy J. 
Carver Biotechnology Center at the University of Illinois at Urbana-Champaign (more 
details provided in the Methods section). The RNA-Seq analysis generated 282.5 million 
reads across the nine samples, with an average read count of 31.4 million (Figure 3). 
4.2 Holistic Expression Patterns 
DNASTAR software was used to process and annotate the reads across all samples. The 
final data was represented as reads per kilobase per million (RPKM) and were transferred 
to Excel for further analysis. The data were screened for those transcripts with less than a 
total RPKM value across all nine samples of9.0 (an average of 1.0 RPKM per sample), 
which were then removed from further analyses (i.e. typical 'noise' reduction for 'omics 
analyses). As a broad method of holistically examining differences in expression patterns 
between samples, Log plots were created from the average of the three types of fungi 
samples (grown on miscanthus, maple, plate). With Log plots, transcript abundance that 
is identical between two sample types will result in a data point that is on the central 
diagonal line, while abundance that varies between samples is indicated by data points 
either above or below the central diagonal line. Comparisons between either of the 
lignocellulosic substrates (miscanthus and maple) and the agar plate showed relatively 
high variability in gene expression (Figures 4 and 5). This is contrasted to the more 
closely comparable gene expression patterns between maple and miscanthus (Figure 6). 
This similarity of gene expression by T. versicolor on these two biomass sources was 
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expected considering the broad similarities in lignocellulose between terrestrial plant 
species. However, the more nuanced differences between these biomass types (a monocot 
vs. a dicot for example) likely contributed to the observed differences in expression. 
To further examine broad gene expression patterns between the three sample types, 
a heatmap was prepared using all transcripts across all nine samples (Figure 7). The 
dendrogram (from the hierarchical clustering feature ofDNASTAR) on the top of the 
heatmap mathematically shows the relative gene expression similarities between the three 
groups. Notably, the miscanthus and maple samples were placed in the same cluster, 
while the malt agar plate samples formed a unique cluster (Figure 7). Also of interest 
were the maple and miscanthus samples interspersed between each other in the 
'lignocellulose cluster', which is further evidence of the similarity in gene expression by 
Trametes versicolor when grown on these biomass types. This pattern corresponds to that 
observed with the Log plots, which suggested that the fungal expression patterns of 
miscanthus and maple had more similarities than either of these lignocellulose samples to 
the malt agar plate (Figures 4-6). In addition, the holistic heatmap (Figure 7) indicated 
that the biological replicates within each growth medium were very similar, which 
provided confidence in the observed patterns of expression and subsequent analysis. 
4.3 Differential Gene Expression Analysis 
These types of transcriptome experiments, which examine differences in gene expression 
across varying growth conditions, are useful for exploring differential gene expression at 
the individual transcript level in addition to the broad patterns described above. To 
achieve this more detailed analysis, the average RPKM values for each transcript were 
determined for each sample type to explore major differences in gene expression. The 
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average RPKM values for a transcript from one sample was divided by that of another in 
order to obtain a ratio that represented gene expression differences. The ranking feature 
of Excel was then used to sort transcripts by largest differences in gene expression 
between sample types. A threshold of 20X greater expression was used for comparisons 
between the malt agar plate samples and either maple or rniscanthus to limit the number 
of transcripts to be analyzed. 
Using this method for determining differential expression, fungal expression on 
maple compared to malt agar plate resulted in 61 transcripts (above the 20X threshold) 
that were highly expressed on maple (Figures 8 and 9). By comparison there were 45 
transcripts with at least 20X greater expression on miscanthus compared to the malt agar 
plate (Figures 10 and 11). Many of the transcripts that were highly expressed on either 
lignocellulosic substrate compared to the agar plate are putatively involved in the 
breakdown of lignocellulose (as identified using BLAST and GO databases), which is 
expected because the malt agar plate did not contain lignocellulose. In both comparisons 
at the 20X level, the majority of transcripts identified belonged to the category of 
'hydrolyzing o-glycosyl compounds' (19% for maple and 24% for rniscanthus; Figures 9 
and 11). Other major categories common to both biomass substrates were 'oxidase' and 
'dehydrogenase'. All three of these categories of enzymes make sense given the nature of 
lignocellulose, which is composed of sugar polymers (necessitating sugar polymer 
hydrolyzing enzymes) and phenolic-based lignin polymers (necessitating redox 
enzymes). There were additional categories of enzymes with similar digestive and 
deconstructive functions among the highly expressed transcripts (e.g. 
'polygalacturonase', 'acyltransferase', and 'endopeptidase'). However, there was a 
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category of enzymes called 'phosphoinositide 3-kinase' that was highly expressed by the 
fungus on both substrates (2% of transcripts above the 20X threshold on both substrates), 
which was not expected and does not appear to have a direct role in lignocellulose 
deconstruction. Instead, this enzyme is known to be involved in signal transduction 
pathways, particularly those involved eukaryotic stress mechanism (Abraham, 2004). The 
abundance of this transcript across replicates and both lignocellulose types suggests that 
its presence in this analysis is not due to a sequencing anomaly. It is likely that this 
enzyme is involved in a signaling system specific to lignocellulose degradation, but this 
is only a hypothesis at this stage. A similar enzyme involved in signal transduction 
systems, MAPKKK (or MAP3K), was found in the 20X expression list for maple (Figure 
9) and was also highly expressed by the fungus when growing on miscanthus (Figure 8) 
although not at the 20X threshold. Although MAP3K is a well-known component to 
signal cascades across many eukaryotes including fungi (Roman et al., 2007), this 
enzyme has been associated with fungal penetration of plant hosts as well as fungi-plant 
interactions in a broader context (Hamel et al., 2012), which is consistent with the nature 
of the current experiments. 
When comparing fungal expression on maple to miscanthus, the differences were 
not as great as either biomass type versus malt extract agar (as described above). As a 
result, a threshold of 3X or higher expression levels was used to explore differential gene 
expression between the two types of lignocellulose. With this criterion, there were 55 
transcripts more highly expressed by the fungus on maple than miscanthus (Figures 12 
and 13) and 46 transcripts that were more highly expressed by the fungus on rniscanthus 
than maple (Figures 14 and 15). Broadly, among these transcripts there were predicted 
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enzyme functions that were expected for lignocellulosic degradation. Many of the 
transcripts that did not meet the 3X expression threshold with either of the comparisons 
were still relatively highly expressed among both lignocellulose biomass types. The 
minor differences in expression may be the result of differences in stages of degradation 
between the biomass types. For example, the fungus may have been at an earlier stage of 
degradation on maple due to the extreme recalcitrance of woody material relative to 
miscanthus straw. It is also possible that the subtle differences in lignocellulose 
composition between miscanthus and hardwoods (Brosse et al., 2012; Kalinoski et al., 
2017) were responsible for these expression differences, although further research with 
different biomass types and expression monitored along a time course would help further 
explain these observations. 
The comparisons between maple and miscanthus also revealed a high number of 
unknowns (27% in the maple and 63% in the miscanthus 3X transcript lists; Figures 13 
and 15). This is in contrast to the unknown numbers in the 20X lists from the 
comparisons of the lignocellulose biomass types versus the malt extract agar, which were 
11 % (maple vs. malt extract agar at 20X; Figure 9) and 16% (miscanthus vs. malt extract 
agar at 20X; Figure 11 ). Similar percentages of unknowns have been reported in other 
transcriptome studies involving white-rot fungi (MacDonald et al., 2011; Sato et al., 
2009; Wymelenberg et al., 2009), which highlights just how many unexplored or poorly 
understood proteins are involved with lignocellulosic degradation. These unknown gene 
products deserve further attention and are expected to be the subject of future protein 
characterization studies. 
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These findings also highlight the importance of exploring multiple lignocellulose 
biomass types in fungal expression studies rather than focusing exclusively on hardwoods 
and/or softwoods (e.g. MacDonald et al., 2011; Sato et al., 2009; Wymelenberg et al., 
2009; Wymelenberg et al., 2010). For example, one study explored T versicolor 
decomposition of lignocellulosic on bamboo, although gene expression was not 
investigated (Yu et al., 2008). Additional white-rot fungi, such as Phanerochaete 
chrysosporium, lrpex lacteus, and Pleurotus ostreatus, have been used to investigate the 
enzymatic systems involved in biomass decay on wheat straw, which identified common 
lignocellulose deconstruction enzymes, such esterases and oxidoreductases (Salvachua et 
al., 2013). However, this study also did not examine broad gene expression patterns by 
these fungi to the wheat straw. Future gene expression studies exploring even more 
diverse forms of lignocellulose (e.g. sunflower stems) are expected to reveal the true 
depth and diversity of lignocellulosic degrading enzymes and other proteins possessed by 
white-rot fungi. 
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Figure 1. The 6870 SamplePrep Freezer Mill (SPEX) used for RNA extraction from 
fungal-treated samples (maple and miscanthus). Insert is an example tube and cylinder 
used to hold and grind the tissue, respectively. 
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Figure 2. RNA analysis output from an Experion Automated Electrophoresis System 
(Bio-Rad). All samples are from T. versicolor after five weeks of growth on malt extract 
agar plates (Pl -P3), maple (Mal-Ma3), and miscanthus (Mil-Mi3), except the RNA 
ladder (L) supplied by Bio-Rad (sizes are shown in base pairs). The band at 3000 bp 
represents the 288/268 rRNA subunit, while the dark band at approximately 1800 bp 
represents the 188 rRNA subunit. 
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Figure 3. The number of reads per fastq sequence file from RNAseq analysis of the nine 
samples examined in this study (total of282.5 million reads). 
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Figure 4. Comparison plots of average transcript abundance (Logi transformed) for 
each transcript identified from T. versicolor after five weeks of growth on either 
miscanthus or malt extract agar (plate). The line indicates equal expression values. 
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Figure 5. Comparison plots of average transcript abundance (Logi transformed) for 
each transcript identified from T. versicolor after five weeks of growth on either maple 
or malt extract agar (plate). The line indicates equal expression values. 
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Figure 6. Comparison plots of average transcript abundance (Logi transformed) for 
each transcript identified from T. versicolor after five weeks of growth on either 
miscanthus or maple. The line indicates equal expression values. 
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Figure 7. Heatmap showing transcript abundance from T. versicolor after five weeks 
of growth on malt extract agar (plate), miscanthus, and maple (three replicates each). 
Dendrograms represent hierarchical clustering across transcripts (left) and samples 
(top). Colors are relative within each row (transcript) with bright green indicating high 
expression and bright red indicating low expression (while passing through black). 
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Figure 8. Heatmap of the 61 transcripts from T. versicolor with 20X or greater 
expression when growing on maple compared to malt extract agar (plate), with those 
from miscanthus shown for comparison. Dendrograms represent hierarchical 
clustering across transcripts (left) and samples (top). Colors are relative within each 
row (transcript) with bright green indicating high expression and bright red indicating 
low expression (while passing through black). 
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Figure 9. The 61  transcripts from T. versicolor with 20X or greater expression when 
growing on maple compared to malt extract plate grouped by shared traits/function. 
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Figure 10. Heatmap of the 45 transcripts from T. versicolor with 20X or greater 
expression when growing on miscanthus compared to malt extract agar (plate), with 
those from maple shown for comparison. Dendrograms represent hierarchical 
clustering across transcripts (left) and samples (top). Colors are relative within each 
row (transcript) with bright green indicating high expression and bright red indicating 
low expression (while passing through black). 
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Figure 11. The 45 transcripts from T. versicolor with 20X or greater expression when 
growing on rniscanthus compared to malt extract plate grouped by shared 
traits/function. 
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Figure 12. Heatmap of the 55 transcripts from T. versicolor with 3X or greater 
expression when growing on maple compared to miscanthus , with those from malt 
extract agar shown for comparison. Dendrograms represent hierarchical clustering 
across transcripts (left) and samp.les (top). Colors are relative within each row 
(transcript) with bright green indicating high expression and bright red indicating low 
expression (while passing through black). 
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Figure 13. The 55 transcripts from T. versicolor with 3X or greater expression when 
growing on maple compared to miscanthus grouped by shared traits/function. 
26 
ntalning 
oxygenase 
4% 
Mple3 Maple l Meple2 MIK2 Ml1d Mlsc3 Plete l P!.te2 Plete 3 
stn.c1Ural COMl!Utnl Of( .. W9ll 
larprt>ooomtlsub.lnl 
u'*­
unlcnown 
u,..,,_,, 
W1known 
sttuo:1Ural CO<Wllulfll of c .. """ 
nucllus 
nuclou< 
"'*"°"'" 
............ 
nuclllls 
.,,..,,_,. 
phenol 2-monoo"V&.,.te 
u,..,,_n 
u'*nown 
�ldyl1)tl)lld<lte 
 modulelamtvEXPN 
L-HCOlbate perolddlse 
.....,_,, 
unlcnown 
.,,..,,_,. 
W1known 
uricnown 
u,..,,_,, 
CllJ wd catlbollc ptOCleSS 
unlcnown 
............ 
� 
L-now­
h'jdrolase 
.....-.. 
unlcnown 
uricnown 
�acatyllnnsleru• 
Figure 14. Heatmap of the 46 transcripts from T. versicolor with 3X or greater 
expression when growing on miscanthus compared to maple, with those from malt 
extract agar (plate) shown for comparison. Dendrograms represent hierarchical clustering 
across transcripts (left) and samples (top). Colors are relative within each row (transcript) 
with bright green indicating high expression and bright red indicating low expression 
(while passing through black). 
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Figure 15. The 46 transcripts from T. versicolor with 3X or greater expression when 
growing on miscanthus compared to maple grouped by shared traits/function. 
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6. Appendix 
RNA Extraction Procedure from Woody Biomass 
(modified from Kolosova et al. 2004) 
1 .  Clean and prepare all instruments and surfaces for RNA work (use RNASE Away, 
or RNAZap, etc. when necessary). Have lots of gloves, new bags of centrifuge tubes, and 
new boxes of barrier tips, etc., ready for use. Make sure all plastics are compatible with 
chloroform (test with 24: 1 chloroform:isoamyl alcohol). Serological pipets are often not 
compatible. 
2. Cool down the SamplePrep 6870 (SPEX) system with liquid nitrogen, and place 
fungal-treated biomass into a grinding vial (that already contains a metal hammer cylinder) 
until the vial is about half full of biomass (some biomass was broken into smaller pieces 
with pliers before adding to the cylinder). As soon as the cylinder with biomass is prepared, 
seal the vial and place in liquid nitrogen to freeze. 
3. Place frozen grinding vials into the SamplePrep 6870 and operate at 1 5  cycles per 
second (cps) for 4 min. 
4. Remove one vial at a time, while keeping the others in liquid nitrogen. Remove the 
cap with the help of the cap removal tool and empty the vial into a liquid nitrogen-chilled 
weigh boat. Using a chilled scoopula, transfer approximately 4-5 mL of powder to a 50 mL 
centrifuge tube. Immediately add 1 5  mL of extraction buffer (see Kolosova et al., 2004) to 
the tube, cap it, and mix by inversion until the powder is fully suspended in the buffer. 
Place the tube on ice and process the remaining tubes in a similar fashion. 
5. Snap-freeze the tubes in liquid nitrogen by placing the tubes into liquid nitrogen just 
below the buffer level for about 1 5-20 seconds (or until completely frozen). Alternatively, 
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the tubes can be placed at -80°C for I hour or longer to achieve the same result (the -80°C 
step is a good place to stop for the day or to take a break). 
6. Allow the samples to thaw. The tubes can be placed in a 30-40°C water bath until 
just thawed to speed up the process but try not to allow the samples to fully warm. 
7. Centrifuge the tubes at 3000 rpm for 1 0  minutes at 4°C to pellet the biomass. 
8. Carefully pour the supernatant (top liquid layer) into a new 50 mL centrifuge tube 
while passing the liquid through two Kimwipes (to further filter out debris). The final 
volume in the new tube should be approximately 10-12 mL. 
9. Add I/30th volume of 3.3 M Sodium Acetate (pH 6.1) to each tube, followed by 
I/10th volume of 1 00% ethanol (e.g. if you have 10 mL of solution after step 8, add 333 
µL of acetate solution and l mL of ethanol). Cap the tubes and mix by inverting several 
times. 
10. Centrifuge the tubes at 3000 rpm for 30 minutes at 4°C. This step precipitates 
polysaccharides. 
1 1 .  Carefully pour the liquid into new 50 mL tubes while being careful not to disturb the 
polysaccharide pellet. The tubes with the pellets can now be discarded (you do not want 
the polysaccharides). 
I 2. Add I/9th volume of 3 .3 M Sodium Acetate (pH 6. 1)  to the solution from Step 1 1 , 
followed by 3/5th volume of ice-cold isopropanol (e.g. if you have I 0 mL of solution after 
Step 1 1 ,  add 1 1 1 1  µL of acetate solution and 6 mL of isopropanol). Cap the tubes and mix 
by inverting several times. 
13. Place the tubes at -80°C for 30 minutes (the -80°C step is a good place to stop for the 
day or to take a break). 
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14. Allow the samples to thaw. The tubes can be placed in a 30-40°C water bath until 
just thawed to speed up the process but try not to allow the samples to fully warm. 
15. Centrifuge the tubes at 3000 rpm for 45 minutes at 4°C to pellet the RNA. 
16. Discard the supernatant, then add 3 mL of TE and 3 mL of 5 M NaCl to the pellet. 
Mix by vortexing briefly. Place tubes on ice for 30 min while briefly vortexing periodically 
(e.g. every five minutes). 
17. Add 1.5 mL of 10% CTAB (CTAB may fonn crystals at room temperature, so warm 
the bottle up to 30°C with a water bath or briefly microwave to obtain a clear solution 
before use). Mix by vortexing and then incubate at 65°C for 5 minutes (this step removes 
any residual polysaccharides). Remove from heat and let cool for a few minutes at room 
temperature. 
18. Add an equal volume of 24: 1 chloroform:isoamyl alcohol, cap tightly, and mix by 
vigorous inversion. NOTE: use a new 50 mL centrifuge to measure the volume because 
chloroform melts serological pipets. 
19. Centrifuge at 3000 rpm at 4°C for 5 min to help the two phases to separate. 
20. Use a serological pipet (it's okay to use these when handling the top layer) to transfer 
most of the top layer to a new 50 mL tube. Leave some of the top layer behind to ensure 
that you do not accidentally transfer the bottom phase (err on the side of quality vs. 
quantity). 
21. Repeat Steps 18-20 once more with the transferred top layer from Step 20. 
22. Add l/4th volume of IO M LiCl, mix by inversion, and store at 4°C overnight (this 
is a good place to stop for the day or take a break). If you want to avoid the overnight step, 
put the samples at -20°C for 2 hours instead. 
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23. Centrifuge the tubes at 1 0,000 rpm for 30 min at 4°C; if the tubes were frozen or 
formed crystals after Step 22 allow the liquid to warm slightly until clear before 
centrifuging. 
24. Identify the RNA pellet at the bottom of the tube (it may be very translucent if the 
RNA is very pure), and carefully pour off all the liquid into a beaker. 
25. Put the tubes containing the pellets upside down on a Kimwipe to encourage all the 
liquid out of the tube. 
26. Resuspend the pellet with 1 mL of TE buffer, vortex briefly, and place on ice for up 
to an hour (it takes time for the RNA to re-dissolve). Vortex periodically to help the RNA 
re-dissolve. 
27. Transfer 750 µL of the TE solution to a 1 .5  mL centrifuge tube and add 675 µL 
(9/lOth volume) of ice-cold isopropanol followed by 75 µL of3.3 Sodium Acetate (pH 6. 1 ;  
I/10th volume). Mix by inverting the tube. 
28. Centrifuge at 14,000 rpm for 30 minutes at 4°C. 
29. Identify the RNA pellet at the bottom of the tube and discard the liquid. 
30. Add 1 mL of70% ethanol to the pellet, and centrifuge at 14,000 rpm for 10  minutes 
at 4°C. 
3 1 .  Pour off the liquid and let the pellet air dry for 10 minutes at room temperature. 
32. Resuspend the pellet in 30-50 µL of DEPC-treated water (use more or less water 
depending on the size of your pellet). 
3 3. Store samples at -80°C. 
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